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57 ABSTRACT 
A robot joint having a ball-like arrangement on a sup 
port, the ball arrangement positioned in a socket device 
in which the ball is free to move so the socket device 
can rotate in various directions about the ball arrange 
ment. First and second connectors connect force in 
parting arrangements to fixed points in the socket de 
vice. One of these force imparting arrangements is capa 
ble of approaching or receding from the other in some 
rotations of the socket device. 

40 Claims, 18 Drawing Sheets 
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ROBOT JOINTS 

REFERENCE TO CO-PENDINGAPPLICATIONS 
Reference is hereby made to a co-pending application 

by M. E. Rosheim entitled "Wrist Tendon Actuator” 
having Ser. No. 07/016,943 which was filed on Feb. 20, 
1987, and which is assigned to the same assignee as the 
present invention. This co-pending application discloses 
subject matter used for similar purposes as that dis 
closed herein but does not claim that which is specifi 
cally disclosed and claimed herein. 

BACKGROUND OF THE INVENTION 

The present invention relates to controlled motion 
mechanical members used as a mechanical manipulator 
and, more particularly, to a controlled motion anthro 
pomorphic mechanical manipulator providing some of 
the capabilities of a human hand. 
The need to increase industrial automation, and the 

desire to increase the use of animated figures depicting 
animals, humans or other characters in entertainment 
situations, has spurred the development of robotics. As 
a result, substantial advances have been made in many 
aspects of robotics. 

Perhaps the most widely used controlled component 
in robotic systems is the mechanical manipulator, that 
portion of a robot used to change the position or orien 
tation of selected objects. In many instances, such me 
chanical manipulators are desired to have capabilities 
similar to those of the human wrist, palm, knuckles and 
sections between the knuckles of the fingers and the 
thumb. In many instances in the animation of figures, 
the shape of the mechanical manipulator must also be 
similar to that of the human hand. 
The human wrist displays two degrees of freedom in 

the motions available thereto with respect to the fore 
arm, as do the initial knuckles of the fingers and thumb, 
with respect to the palm, which knuckles join the fin 
gers and thumb to the palm. The other knuckles of the 
fingers and thumb primarily exhibit a single degree of 
freedom in the motion permitted thereto with respect to 
the preceding finger or thumb section 
Thus, a mechanical manipulator demonstrating some 

of the capabilities of the human hand must contain joints 
capable of motion with two degrees of freedom, as well 
as contain joints capable of motion with a single degree 
of freedom. Such joints must be individually controlled 
in each of the degrees of freedom which it exhibits in its 
motion, and this control must be exercisable with rea 
sonable precision. In addition, in those instances where 
the mechanical manipulator is to be covered so as to 
have an external appearance something like a human 
hand, the structure for the joints and the controls must 
be geometrically arranged to permit their being covered 
in a manner which will result in the desired appearance. 
Such joints must be capable of many repeated uses with 
out degredation due to excessive wear. 

SUMMARY OF THE INVENTION 

The present invention provides a controlled relative 
motion system comprising a ball-like arrangement on a 
support, the ball arrangement positioned in a capture 
device or socket device in which the ball is free to move 
such that the capture device can rotate in various direc 
tions about the ball arrangement. A plurality of connec 
tors, including first and second connectors, connect a 
plurality of force imparting arrangements to fixed 
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2 
points in the capture device, including first and second 
force imparting arrangements. The second force im 
parting arrangement is capable of approaching or reced 
ing from the first force imparting arrangement during 
selected rotations of the capture device about the ball 
arrangement. 
The capture device is formed with a socket having a 

generally hemispherical recess past an equator thereof, 
with a circumferential slot in the ball in which a mov 
able member is positioned that is also connected to the 
capture device as the first connector. The first connec 
tor can be a gear sector means which may have a driv 
ing gear means or rack means meshed therewith to 
serve as the first force imparting arrangement. The first 
force imparting means can also be directly connected to 
the movable member. 

Either a parallelogram linkage or a connecting rod 
can be used in the axis orthogonal to that along which 
the movable member is positioned to control motion of 
the capture device along this orthogonal axis. Further 
such joints can be used mounted on the same support, or 
one may be mounted on the capture device of another. 

In addition, a single degree of freedom joint can be 
used mounted on the capture device of one of the previ 
ously described joints. This joint can be operated using 
a driven screw to move the rotary member thereof with 
respect to the base member. A further dependent joint 
may be mounted on this rotary member. 
The force imparting means may include linear actua 

tors. The motors therefor can be mounted directly on 
the forearms, on joint bases, or on a previous joint base 
using a universal joint in that previous joint. 
BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 shows an embodiment of the mechanical ma 

nipulator of the present invention, 
FIG. 2 shows a cross section view of a portion of the 

invention shown in FIG. 1, 
FIG. 3 shows a cross section view of a portion of the 

invention shown in FIG. 1 with a portion thereof 
shown in an alternate position, 
FIG. 4 shows a cross section view of a portion of the 

invention shown in FIG. 1 with a portion thereof in an 
alternate position, 
FIG. 5 shows a cross section view of a lesser portion 

of the invention shown in FIG. 1 than shown in FIG. 3 
with a portion thereof in the alternate position of FIG. 
3, 

FIG. 6 shows a pair of alternate positions for a por 
tion of the invention shown in FIG. 1, 
FIG. 7 shows a cross section view of an addition to 

the invention shown in FIG. 1, 
FIG. 8 shows a cross section view of an alternate 

embodiment of a portion of the invention shown in 
FIG. 1, 
FIG. 9 shows an exploded view of a portion of the 

invention shown in FIG. 8, 
FIG.10 shows a cross section view of a portion of the 

invention shown in FIG. 8, 
FIG. 11 shows an alternate embodiment of the me 

chanical manipulator of the present invention as shown 
in FIG. 1, 

FIG. 12 shows an alternate embodiment of the Ine 
chanical manipulator of the present invention, 

FIG. 13 shows a cross section view of a portion of the 
invention shown in FIG. 12, 
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FIG. 14 shows an alternate embodiment of the me 
chanical manipulator of the present invention, 

FIG. 15 shows a side view of the invention shown in 
FIG. 14, 
FIG.16 shows a cross section view of a portion of the 

invention shown in FIG. 14, 
FIG, 17 shows an exploded view of a portion of the 

invention shown in FIGS. 14, 15 and 16, 
FIG. 18 shows a cross section view of a portion of the 

invention shown in FIG. 14 with a portion thereof in an 
alternate position, 
FIG. 19 shows a cross section view of a portion of the 

invention shown in FIG. 14 with a portion thereof in an 
alternative position, 

FIG. 20 shows a pair of alternate positions for a por 
tion of the invention shown in FIG. 14, 
FIG. 21 shows an alternate embodiment of the inven 

tion shown in FIG. 14, and 
FIG.22 shows an alternate embodiment of the inven 

tion shown in FIG. 14. 

DETALED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

FIG. 1 shows a portion of a mechanical manipulation 
system, 10, which bears some similarities to a portion of 
a human forearm, wrist, hand, two fingers and a thumb. 
The forearm portion, 11, serves as a base for a wrist-like 
joint, 12, capable of two degrees of freedom motion. 
The other, upper side of joint 12, movable with respect 
to base 11, is connected to a further base means, 13, 
which serves some of the functions of the palm portion 
of the human hand. 

Base 13 has mounted thereon base extensions, 14, to 
serve as the bases for first or initial knuckle-like joints, 
15, of the two finger-like series of joints and the thumb 
like series of joints. Each of knuckle-like joints 15 also 
exhibits two degrees of freedom motion. The other side 
of joints 15 each serves as a base member for a further 
single degree of freedom motion joint, 16, serving as a 
second knuckle in the two finger-like series of joints and 
the thumb-like series of joints. 

Joint 12, having two degrees of freedom of motion, 
needs just two drive motors to provide the forces neces 
sary for driving the joint in each of two orthogonal 
axes. However, three drive motors, 17, have been 
shown in FIG. 1 each having the end thereof opposite 
its actuator shaft connected a by pivot pin-pivot base, 
18, to the back of base portion 11. 
The two motors 17 for joint 12 on the right in FIG. 1 

are used to force the upper part of joint 12 to move with 
respect to the lower part in response to forces applied 
thereby to this upper part of joint 12 in orthoganal 
directions. These motors 17 apply such forces through 
having extensions of their shafts threaded and engaged 
with threaded sleeves, 19, connected to appropriate 
parts of the upper part of joint 12, i.e. so that the 
threaded motor shafts and the sleeve on each together 
form screw drives Thus, the two right-hand motors 17 
below joint 12, each having its threaded shaft engaged 
with its threaded sleeve 19, together form linear actua 
tors providing forces parallel to the motor shaft axis. 
The far right-hand motor 17 below joint 12 in FIG. 1 

has the threaded sleeve 19 associated therewith con 
nected to a parallelogram linkage arrangement, 20, 
through a rotary ball joint, 20'. Parallelogram linkage 
20 is also connected to an upper portion, 22, of joint 12 
at rotary ball joints, 22. The central motor 17 below 
joint 12 has its associated threaded sleeve 19 connected 
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4. 
to a drive gear sector, 21, which meshes with a driven 
gear sector, 21'. Driven gear sector 21' is also connected 
to upper part 22 of joint 12 and is movably positioned in 
a circumferential slot in a ball arrangement, 23. 
The far left motor 17 below joint 12 in FIG. 1 has its 

shaft extending into ball arrangement 23 which is 
mounted on a portion of base 11 serving as the lower 
part of joint 12. This shaft ends in a universal joint inside 
ball arrangement 23 to which joint is connected a fur 
ther shaft, 24. Shaft 24 is connected to base 13 permit 
ting it to rotate about the upper part of joint 12 to which 
base 13 is connected by a ball bearing arrangement, 25. 
Such a capability of rotating base 13 with the two 

finger-like series of joints and the thumb-like series of 
joints mounted thereon is unlike the capabilities permit 
ted to the human hand. This arrangement provides a 
third degree of freedom in connection with joint 12. 
This added degree of freedom is useful in some situa 
tions and has therefore been included in FIG. 1, though 
its omission would still allow joint 12 to operate as a 
two degree of freedom of motion joint. 

Each of the two finger-like series of joints and the 
thumb-like series of joints is also shown in FIG. 1 hav 
ing three linear actuators provided therefor. Again, the 
motors, 26, therefor are each mounted on a pivot pin 
pivot support, 27, this time mounted on base 13. Each of 
the two right-hand motors 26 associated with one of the 
finger-like series of joints or the thumb-like series of 
joints has a threaded shaft inserted into an associated 
threaded sleeve, 28, to provide a screw drive for the 
linear actuator of which it is a part. Of the two linear 
actuators to the right associated with each series of 
joints, the far right-hand one is again connected to a 
parallelogram linkage, 29, by a rotary ball joint, 29. The 
upper connections of the parallelogram linkages 29 are 
each connected to an upper member, 30, of knuckle 
joints 15 at rotary ball joints, 30', these upper, rotary 
members 30 for joints 15 also serving as bases for joints 
16. 
The second of the two right-hand motors for each 

joint 15, or the middle motor, and its threaded sleeve 28, 
forming a linear actuator, operate drive gear sectors, 31, 
which are meshed with driven gear sectors, 31'. Driven 
gear sectors 31' are each connected to an upper member 
portion 30 of a joint 15 and are movably positioned in a 
circumferential slot in a ball arrangement, 32. 

Again, that motor 26 to the far left in each group 
thereof associated with a finger-like series of joints or 
the thumb-like series of joints has a drive shaft which 
extends into ball arrangement 32 to connect with a 
universal joint (not shown in FIG. 1) therein. Also, 
again, there is another shaft (not shown in FIG. 1) con 
nected to each such universal that joint extends into the 
corresponding member thereabove, here being a joint 
15 upper part 30. Each of these shafts extends into a 
threaded sleeve arrangement to provide a screw drive 
to operate the upper part or rotary member, 33, of joints 
16. This arrangement is better seen in the cross section 
view taken in FIG. 2 of the right-hand finger-like series 
of joints of FIG. 1. The same designations are used for 
the same components shown in each of FIGS. 1 and 2. 
Only the upper portion of base 13 is shown in the cross 
section view of FIG. 2. Base extension 14 is shown in 
FIG. 2 bolted to the upper portion of base 13. 
The central and left-most motors 26 of the finger-like 

series of joints nearest the thumb-like series of joints is 
shown in FIG. 2. The threaded shaft of the center one 
of motors 26, designated 26 in FIG. 2, is shown in 
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phantom lines fitted into its threaded sleeve 28. That 
threaded sleeve can be seen to be connected by a pivot 
pin, 34, to drive gear sector 31 which in turn is mounted 
by a pivot pin, 35, on base extension 14. Drive gear 
sector 31 is shown meshed with driven gear sector 31' 
which is connected to member 30 by welded pins, 36. 

Ball arrangement 32 is shown in cross section in FIG. 
2 revealing its hollow interior in which is provided a 
universal joint, 37, as indicated above. The lower yoke 
of joint 37 is connected to that extended shaft, 26', 
provided in the left-most motor 26 in FIG. 1 for the 
finger-like series of joints next to the thumb-like series 
of joints. This lower yoke of joint 37 is connected by a 
cross piece to the upper yoke of joint 37. This upper 
yoke of joint 37 is connected to a threaded shaft, 38, as 
indicated above, which extends into a threaded sleeve, 
39, to operate the upper or rotary part 33 of joint 16. 
Rotary part 33 is connected to lower part 30 of joint 16 
(upper part of joint 15) by a pivot pin, 40. A further 
pivot pin, 41, connects rotary part 33 to threaded sleeve 
39. 
Thus, rotation of shaft 26' leads to turning shaft 38 

through joint 37, and thereby either extending or re 
tracting threaded sleeve 39 parallel to the axis of shaft 
38 to operate rotary part 33 about pivot pin 40. The 
rotation of shaft 26, on the other hand, leads to extend 
ing or retracting its sleeve 28 parallel to the axis of shaft 
26 to cause drive gear sector 31 to rotate about pivot 
pin 35, such rotation leading to rotating driven gear 
sector 31' and member 30 about ball arrangement 32. 
Two positions for members 30 and 33 which can 

result from rotation of shafts 26 and 26' are shown in 
FIGS. 3 and 4 with respect to the position of FIG. 1. 
FIG. 2 shows member 30 and member 33 positioned at 
one limit of rotation. Member 30 is rotated about an axis 
of joint 15 perpendicular to the plane of FIG. 2 to its 
counterclockwise limit. The rotation of joint 16 to its 
limit in the same counterclockwise direction is also 
shown in FIG. 2. 
FIG. 4 alternatively shows members 30 and 33 posi 

tioned as a result of (i) the rotation of joint 15 about the 
same axis to its clockwise limit, and (ii) the rotation of 
joint 16 about pivot pin 40 to its opposite, clockwise 
limit. FIG. 3 then shows the positioning of members 30 
and 33 as a result of the rotations of (a) member 30 about 
the same axis of joint 15 rotating to an intermediate 
position, and of (b) joint 16 rotating to an intermediate 
position about pivot pin 40. 
A pivot pin, 42, mounted in base extension 14 to 

which one of the bars of parallelogram linkage 29 is 
connected is shown in FIGS. 2, 3 and 4. This linkage 
arrangement is shown in greater detail in FIG. 5 where 
a more complete view of the side of parallelogram link 
age 29 is shown. The positions of members 30 and 33 in 
FIG. 5 are similar to those shown in FIG. 3. In addition, 
there has also been shown in FIG. 5 the right-hand 
motor 26 and its threaded sleeve 28 for the finger-like 
sequence of joints next to the thumb-like sequence of 
joints in FIG. 1. The threaded shaft of this motor has 
been designated 26". 
The one side of parallelogram linkage 29 which can 

be clearly seen in FIG. 5 has the bar pivoting about a 
pivot pin 42 extend to a further rotary bar joint, 43, 
where it connects with the vertical side bar of linkage 
29. A similar arrangement is provided on the opposite 
side of extension 14. The vertical side bar of parallelo 
gram linkage 29 extends between rotary ball joint 43 
and rotary ball joint 30'. Rotary ball joint 29' has an 
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6 
extension leading therefrom to rotary ball joint 43. 
Thus, rotating shaft 26' extends or retracts its threaded 
sleeve 28 to cause the portion shown of parallelogram 
linkage 29 to move upward or downward, respectively, 
and so rotate member 30 over ball arrangement 32, 
either away from or toward the viewer. That is, rota 
tion of shaft 26' causes member 30 of joint 15 to rotate 
over ball arrangement 32 about an axis perpendicular to 
that about which the sequence of positions occurred in 
FIGS. 2, 3 and 4. 
No separate sequence of positions have been shown 

for this motion, as were shown resulting from motion of 
sector gear 31 driven by the rotation of shaft 26 in 
FIGS. 2 through 4. The motion resulting from driving 
only parallelogram linkage 29 by the rotation of shaft 
26" is a side-to-side motion that provides positions for 
members 30 and 33 that are easily understood from 
FIG.1. That is, the finger-like series of joints next to the 
thumb-like series of joints merely moves toward and 
away from the thumb-like series of joints for retractions 
and extensions of threaded shaft 26' in FIG, 5. 

Simultaneous forcing of parallelogram linkage 29 and 
drive gear sector 31 results in a compound motion of 
member 30, which occurs in a direction that is not paral 
lel to the direction that member 30 moves under the 
individual forcing of either gear sector 31 or parallelo 
gram linkage 29 alone. This can be seen in the represen 
tation of FIG. 6 where the initial solid line position of 
member 30 is similar to that position it had in FIG. 2. 
The dashed line position shown for member 30 results 
from a substantial upward or effectively counterclock 
wise force on the right-hand side of parallelogram link 
age 29 applied at the shown portion of rotary ball joint 
29", coupled with a downward or effectively counter 
clockwise force on drive gear sector 31 at the portion 
thereof in which pivot pin 34 would be placed if shown. 
As can be seen, the far end of member 30 travels left 
ward and downward in the view in FIG. 6 in the con 
pound motion resulting from the forces just described 
being applied to parallelogram linkage 29 and drive 
gear sector 31. Thus, this compound motion is a motion 
that is not parallel to the primary axes defined by the 
direction of force application to either drive gear sector 
31 or parallelogram linkage 29 alone. As can be seen in 
FIG. 6, the rotary ball joints 19' must slightly approach 
and recede from drive gear sector 31 and portions of 
driven gear sector 31' during a compound motion. 
FIG. 7 shows the addition of a further rotary joint, 

44, to member 33 of FIGS. 1 through 5. This rotary 
joint, however, is not independently controllable as is 
rotary joint 16 which is controlled by the rotation of 
shaft 26'. Rather, joint 44 comprises a rotary member, 
45, which is mounted on a base member that is also the 
upper part of joint 15 which has been redesignated in 
FIG. 7 as member 33'. Member 45 is connected to mem 
ber 33' by a pivot pin, 46. The rotation of shaft 26" to 
change the angle of member 33' with respect to member 
30 at joint 15 also changes the angular relationship of 
rotary extension 45 with respect to member 33' at joint 
15. This is similar to the motion occurring in the last 
section of the human finger beyond its last joint, a sec 
tion which also changes its angular position if the mid 
dle knuckle of the human finger is bent. 

Rotation of rotary member 45 with the angular 
change in position of member 33' with respect to mem 
ber 30 is accomplished through a gearing arrangement 
contained within member 33' as shown in FIG. 7. A 
gear sector, 47, is added to pivot pin arrangement 40 
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which accordingly has been redesignated 40' in FIG. 7. 
Gear sector 47 is fixed with respect to member 30. A 
pair of gears, 48 and 49, are meshed together with gear 
49 also being meshed to gear sector 47. Gear 49 is also 
meshed with a portion of rotary member 45 which has 
had gear teeth formed therein. 
Thus, the rotation of motor shaft 26' causes shaft 38 

to turn through universal joint 37, as can be seen in 
FIG. 2, to rotate member 33' about pivot pin 40' as can 
be seen in FIG. 7. Since gear sector 47 is fixed in posi 
tion, the rotation of member 33' results in gear 48 being 
rotated as it travels across the face of sector 47. As a 
result, gear 49 is rotated in the opposite direction, and 
rotary extension 45 is also rotated, again in a reverse 
direction from that taken by gear 49. The choice of gear 
ratios determines the amount of motion of rotary exten 
sion 45 with respect to member 33' for a given rotation 
of that member with respect to member 30. 
FIG. 8 shows a portion of a cross section of a joint 15 

using an alternative kind of universal joint in place of 
the universal joint shown in FIG. 2. Thus, the universal 
joint shown in FIG. 8 has been redesignated 37". 
An exploded view of this universal joint is shown in 

FIG. 9. The shaft 26' from the motor 26 operating this 
joint is affixed to a spherical member, 50, having either 
a pair of pins on opposite sides thereof located on an 
extension of a diameter of sphere 50, or, as done here, 
having a shaft, 51, extending therethrough and beyond 
along a diameter of sphere 50. Shaft 51 has chamfered 
ends. Sphere 50 fits into a truncated spherical shell, 52, 
with shaft 51 fitted in holes, 53, provided in shell 52. 
Spherical shell 52 has a pair of pins, 54, located on an 
extension of a diameter thereof and again has chamfered 
ends. Pins 54 fit into a further pair of holes, 55, in an 
other truncated spherical shell, 56, in which spherical 
shell 52 is fitted. Spherical shell 56 has a further open 
ing, 57, therein with splines which are meshed with 
splines on the end of a modified threaded shaft for con 
trolling operation of joint 16, this shaft being redesig 
nated 38' here to reflect the addition of the splines. 

Spherical shell 56 can be seen in FIGS. 8 and 10 to fit 
within the hollow interior of ball arrangement 32. Since 
spherical shell 56, to a considerable extent, fills the 
interior cavity of ball arrangement 32, universal joint 
37" is maintained well positioned in the center of the 
cavity in ball arrangement 32 and supported by the 
walls thereof. This prevents impacts with the interior 
sides of ball arrangement 32 during operation which can 
occur if the universal joint is free to shift its location 
within the cavity. Further, the truncated spherical 
shells 52 and 56 of universal joint 37", in avoiding use of 
many seams and sharply angled members, provide addi 
tional strength over the yokes used in universal joint 37 
shown in FIG. 2. 
Also shown in FIG. 8 is a parallelogram linkage verti 

calarm length adjusting mechanism, 58. Length adjust 
ing mechanism 58 comprises an upper portion of the 
linkage vertical arm having an extension, 59, which is 
contained within an interior opening in the lower part 
of the linkage vertical arm where this extension is en 
gaged with a trapped spring, 60. Compound motions 
such as that shown in FIG. 6 lead to the need for a slight 
adjustment in the length of one of the vertical arms in 
parallelogram linkage 29. 
The mounting of motors 26 for controlling the two 

finger-like series of joints and the thumb-like series of 
joints mounted upon base 13 can be inconvenient at 
times because of the bulk such motors have. FIG. 11 
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8 
shows an alternative arrangement for mounting the 
motors 26 on the same base as are mounted motors 17 
used for controlling joint 12. These relocated motors in 
FIG. 11 have been redesignated 26 there and, further, 
base 11 of FIG. 1 has been redesignated 11" in FIG: 11, 
and the pivot mounts for motors 26’ have been redesig 
nated 27. Motors 26' have a cable inside a cable cover 
arrangement, 61, extending from the shafts of motors 
26 to threaded sleeves 28 and to universal joint 37 or 37 
in bail arrangement 32. The rotation of the shafts of 
motors 26' cause the cable to rotate and to turn threaded 
shafts provided in threaded sleeves 28, or to turn uni 
versal joints 37 or 37' as appropriate. 
FIG. 12 provides a side view showing a modification 

of base 13 in FIG. 1 to shorten it considerably so that 
the two finger-like series of joints and the thumb-like 
series of joints mounted thereon are much closer to joint 
12. Thus, the base in FIG. 12 has been redesignated 13'. 

In addition, base 13' has been shaped to be adapted to 
have mounted thereon brackets to support motors 26 
rather than the use of pivot mounts 18, as in FIG. 1. 
This allows changing motor types for different applica 
tions of the mechanical manipulator by merely chang 
ing the brackets on which they are mounted and provid 
ing new brackets adapted to the new motors which can 
be mounted in the same positions on base 13. The use of 
fixed pivot mounts 18 in FIG. 1 limits the possible alter 
native motors which can be used to operate the finger 
like and thumb-like series of joints mounted on base 13'. 
Note that the motor 26 for operating parallelogram 
linkage 29 of the figure-like series of joints shown ap 
proximately vertical in FIG. 12 has been moved so that 
it connects through its threaded sleeve 28 to the oppo 
site side of linkage 29 from where it has been shown 
connected in previous figures. 
A slightly different pivot pin arrangment for pivot 

pin 42 is used in the configuration shown in FIG. 12. A 
pivot pin of this alternative type, 42, is shown extending 
into base 14 for rotatably holding parallelogram linkage 
29. A further pin of this alternative type, 62, is shown 
extending into base 11 for rotatably holding parallelo 
gram linkage 20. 
FIG. 13 shows a cross section view of a portion of 

FIG. 12, a cross section which shows the details of 
pivot pins 62 and 42. Joint 12, as shown in FIGS. 12 and 
13, is alternatively shown no longer containing a shaft 
for permitting base 13' to rotate with respect to base 11. 
Driven gear sector 21' is connected to base 13' by a pair 
of welded pins, 63. 
A further alternative is shown in FIG. 14 in which 

the same view is shown of the mechanical manipulator 
there as is shown for the mechanical manipulator of 
FIG.1. This alternative can be best understood as being 
several modifications of the configuration shown in 
FIG. 12. In these modifications, that one of motors 26 
which had been operating joint 16 has been moved from 
base 13' and incorporated within what had been mem 
ber 30 in FIG. 2 and is now designated 30' in FIG. 14. 
As a result, the motor support brackets 27" of FIG. 12 
have been modified to support just two motors 26 and 
so have been redesignated 27" in FIG. 14. 
A further modification has been made with respect to 

joints 15 where the parallelogram linkage arrangement 
has been eliminated. The linear actuator which operated 
parallelogram linkage 20 now operates directly on the 
upper part of joint 15 or member 30". A view from the 
right side of the mechanical manipulator shown in FIG. 
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14 is presented in FIG. 15 with the thumb-like series of 
joints being on the right side in each of FIGS. 14 and 15. 
A cross section view of the finger-like series of joints 

next to the thumb-like series of joints in FIG. 14 is 
shown in FIG. 16. Base 13' is shown with a new base 
extension omitting the pivot pin for the parallelogram 
linkages, this base extension being redesignated 14 in 
FIGS. 14, 15 and 16. Base extension 14 again has pivot 
pin 35 therein by which drive gear sector 31 is attached 
to extension 14'. Drive gear sector 31 is again connected 
by pivot pin 34 to threaded sleeve 28 which is retracted 
and extended in position by the rotation of threaded 
shaft 26 in motor 26. Driven gear sector 31' is again 
positioned and movable in a slot in a ball arrangement, 
but here a ball arrangement which does not contain a 
universal joint and therefore differs from the ball ar 
rangement shown in FIGS. 2 and 10. For that reason, 
this ball arrangement is redesignated 32 in FIGS. 14, 15 
and 16. 
The nature of joint 15 and the assemblies connected 

with ball arrangement 32' are better seen in the ex 
ploded view of FIG. 17. Ball joint arrangement 32" can 
be seen in FIG. 17 to be provided in two sections, 32'a 
and 32'b. The ability to separate ball arrangement 32" 
allows the insertion of a spherical member, 64, which 
has a hole, 65, therethrough in which is inserted a shaft, 
66, although two pins can be alternatively used. Shaft 66 
extends through conical holes, 67, in ball arrangement 
32 to be inserted in a receiving hole inside member 30', 
and in a hole entirely therethrough, to further aid in 
holding member 30' against ball arrangement 32". 
A retaining ring, 68, is placed around member 30" to 

retain driven gear sector 31' in a circumferential slot 
provided in ball arrangement 32". A portion of shaft 66 
extends past the side of member 30" extending through 
the hole therethrough sufficiently far so that it engages 
in a rotary ball joint, 69, shown in FIGS. 14 and 15 with 
that threaded sleeve 28 which is driven by threaded 
shaft 26'. 
Member 30' is shown in FIG. 16 having contained 

therein a further motor, 70, having a driving gear, 71, 
connected to its shaft. This gear drives a driven gear, 
71', connected to a threaded shaft, 72, which is meshed 
with threaded sleeve 39. Shaft 72 and threaded sleeve 
39 again form a screw drive, and together with motor 
70 serve as a linear actuator to operate joint 16 in the 
manner described in connection with FIG. 7 except that 
this linear actuator can rotate about a pin, 73, mounted 
in member 30'. 
FIG.16 shows finger-like series ofjoints 15, 16 and 44 

at the counterclockwise extremes of the range of mo 
tion of the upper part of each, and FIG. 19 shows the 
opposite extremes of the ranges of motion of each. FIG. 
18 shows intermediate angular positions of these finger 
like series of joints. As can be seen in this series of fig 
ures, extension 45 takes an angular position with respect 
to member 33' which directly depends on the angle 
taken by member 33 with respect to member 30" of 
joint 16 as directed by motor 17. 

FIG. 20 shows the relative position taken by the 
mechanical manipulator with respect to the initial posi 
tion shown in FIG. 16 due to a compound motion of 
member 30" with respect to base extension 14'. This 
motion is the result of rotating drive gear sector 31 
counterclockwise with a downward force while forcing 
shaft 66 upward or effectively counterclockwise. The 
resulting path followed by member 30' is not parallel to 
the axes of motion defined by either drive gear sector 31 
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or shaft 66 being moved alone. As can be seen, the 
connection of shaft 66 to member 30' moves somewhat 
toward the front of drive gear sector 31 and driven gear 
sector 31' while receding somewhat from the rear of 
these two gear sectors. 
FIGS. 21 and 22 show the mechanical manipulator of 

FIG. 16 in the position taken in that figure but with the 
use of two alternative drive means for moving member 
30" by the member connected thereto by retaining ring 
68 movably positioned in a circumferential slot in ball 
arrangement 32". In FIG. 21, this member movable in 
the slot of ball arrangement 32" continues to be driven 
gear sector 31', but with the means for driving this 
sector being provided by a rack, 69, rather than drive 
gear sector 31. Rack 69 is kept engaged in driven gear 
sector 31' by a rotating sleeve, 70. 

In the arrangement of FIG. 22, driven gear sector 31' 
is replaced with a similarly shaped member, 71, omit 
ting, however, the gear teeth. That is, member 71 is still 
a slider member rotatably fastened by retaining ring 68 
to member 30", but connected by a pivot, 72, to a shaft, 
73, in turn connected to a threaded sleeve 28 as part of 
a linear actuator which can act directly on member 71. 
Other alternative means for operating member 30' in 
that axis can also be used. Although the present inven 
tion has been described with reference to preferred 
embodiments, workers skilled in the art will recognize 
that changes may be made in form and detail without 
departing from the spirit and scope of the invention. 
What is claimed is: 
1. A controlled relative motion system permitting a 

controlled motion member, joined to another base 
member, to selectively move with respect to that base 
member, said system comprising: 

a first joint mean comprising: 
a first joint support means; 
a first joint ball means with a generally spherical 

shape affixed to said first joint support means; 
a first joint equatorial plane capture means having a 

rotation location in which said first joint ball means 
is positioned such that said first joint equatorial 
plane capture means can rotate in multiple direc 
tions about said first joint ball means; 

a plurality of first joint force imparting means me 
chanically connected to said first joint equatorial 
plane capture means, including a first joint first 
force imparting means and a first joint second force 
imparting means each of which permits force to 
selectively be imparted to said first joint equatorial 
plane capture means; and 

a plurality of first joint connection means, including a 
first joint first connection means and a first joint 
second connection means, with said first joint first 
connection means rotatably connecting said first 
joint first force imparting means to said first joint 
equatorial plane capture means and said second 
joint second connection means rotatably connect 
ing said first joint second force imparting means to 
said first joint equatorial plane capture means and 
with said first joint first and second connection 
means being fixed with respect to one another at 
that connection of each in said first joint equatorial 
plane capture means, said first joint first force im 
parting means being capable of approaching and 
receding from said first joint second force impart 
ing means during selected rotation of said first joint 
equatorial plane capture means about said first joint 
ball means. 
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2. The apparatus of claim 1 wherein said first joint 
ball means is a hollow ball means having a generally 
spherical opening therein. 

3. The apparatus of claim 1 wherein said first joint 
equatorial plane capture means is formed by a first joint 
socket means having a recess therein ending in a surface 
at least partially concave and following a generally 
hemispherical shape past an equator thereof, there being 
a circumferential slot in said first joint ball means in 
which a circumferential sliding means is positioned, and 
along which it is movable, said circumferential sliding 
means being connected to said first equatorial plane 
capture means together around said first joint ball 
means with said circumferential sliding means compris 
ing said first joint connection means. 

4. The apparatus of claim 1 wherein said system fur 
ther comprises a second joint means mechanically con 
nected to said first joint means, said second joint means 
comprising: 

a second joint support means; 
a second joint ball means of a generally spherical 

shape affixed to said second joint support means; 
a second joint equatorial plane capture means hav 

ing a rotation location in which said second joint 
ball means is positioned such that said second 
joint equatorial plane capture means can rotate in 
multiple directions about said second joint ball 
means; 

a plurality of second joint force imparting means 
mechanically connected to said second joint equa 
torial plane capture means, including a second joint 
first force imparting means and a second joint sec 
ond force imparting means, each of which permits 
force to be selectively imparted to said secondjoint 
equatorial plane capture means; and 

a plurality of second joint connection means, includ 
ing a second joint first connection means and a 
second joint second connection means, with said 
second joint first connection means rotatably con 
necting said second joint first force imparting 
means to said second joint equatorial plane capture 
means and said second joint second connection 
means rotatably connecting said second joint sec 
ond force imparting means to said second joint 
equatorial plane capture means and with said sec 
ond joint first and second connection means being 
fixed with respect to one another at that connec 
tion of each in said second joint equatorial plane 
capture means, said second joint first force impart 
ing means being capable of approaching and reced 
ing from said second joint second force imparting 
means during selected rotation of said second joint 
equatorial plane capture means about said second 
joint ball means. 

5. The apparatus of claim 1 wherein said system fur 
ther comprises a second joint means having a second 
joint base member and a second joint rotary member 
which is rotatably connected to said second joint base 
member such that it can rotate about substantially a 
single axis with respect to said second joint base mem 
ber, and further having a second joint first connection 
means mechanically connected to said second joint 
rotary member and to a second joint first force impart 
ing means which permits force to be selectively, im 
parted to said second joint rotary member, said second 
joint base member being mechanically connected to 
said first joint equatorial plane capture means. 
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6. The apparatus of claim 2 wherein said interior 

opening in said first joint ball means contains a retaining 
sphere through which a retaining pin is placed with said 
retaining pin extending through first and second access 
openings in said first joint ball means to be affixed to 
said first joint equatorial plane capture means. 

7. The apparatus of claim 2 wherein said system fur 
ther comprises a second joint means having a second 
joint base member and a second joint rotary member 
which is rotatably connected to said second joint base 
member such that it can rotate about substantially a 
single axis with respect to said second joint base mem 
ber, and further having a second joint first connection 
means mechanically connected to said second joint 
rotary member and to a second joint first force impart 
ing means which permits force to be selectively im 
parted to said second joint rotary member, said second 
joint base member being mechanically connected to 
said first joint equatorial plane capture means. 

8. The apparatus of claim 3 wherein said first joint 
second connection means comprises a control pin af 
fixed to and extending from said first joint equatorial 
plane capture means having a first rotary joint at its end 
opposite that which is affixed to said first joint equato 
rial plane capture means, said first rotary joint also 
being connected to said first joint second force impart 
ing means. 

9. The apparatus of claim 3 wherein said first joint 
second connection means comprises a parallelogram 
linkage means having a first rotary anchor means rotat 
ably connected to said first joint support means, and a 
pair of parallelogram arms each rotatably connected 
between said first joint equatorial plane capture means 
and said first joint rotary anchor means. 

10. The apparatus of claim 3 wherein said circumfer 
ential sliding means has gear teeth provided therein. 

11. The apparatus of claim 4 wherein said second 
joint support means is mechanically connected to said 
first joint equatorial plane capture means. 

12. The apparatus of claim 4 wherein said first and 
secondjoint support means are mechanically connected 
to one another. 

13. The apparatus of claim 5 wherein said second 
joint first connecting means is a rotatable screw means 
mounted in said second joint base member and rotatably 
connected to said second joint first force imparting 
eaS 

14. The apparatus of claim 5 wherein said system 
further comprises a third joint means having a third 
joint base member, mechanically connected to said 
second joint rotary member, and having a third joint 
rotary member which is rotatably connected to said 
third joint base member such that it can rotate about 
substantially a single axis with respect to said third joint 
base member, and further having a third joint first con 
nection means mechanically connected to both said 
third joint rotary member and said second joint base 
member such that angular motion of said second joint 
rotary member with respect to said second joint base 
member causes angular motion of said third joint rotary 
member with respect to said third joint base member. 

15. The apparatus of claim 6 wherein said first joint 
second connection means comprises an extension of said 
retaining pin extending outward from said first joint 
equatorial plane capture means have a first rotary joint 
at its extended end, said first rotary joint being also 
connected to said first joint second force imparting 
aS 
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16. The apparatus of claim 7 wherein said second 

joint first connecting means comprises a rotatable screw 
means mounted in said second joint base member and 
rotatably connected to said second joint first force im 
parting means. 

17. The apparatus of claim 8 wherein said first joint 
ball means is a hollow ball means having a generally 
spherical opening therein. 

18. The apparatus of claim 9 wherein said first joint 
second force imparting means is rotatably connected to 
said first joint rotary anchor means. 

19. The apparatus of claim 10 wherein a driving gear 
means is meshed with said circumferential sliding means 
gear teeth. 

20. The apparatus of claim 11 wherein the system 
further comprises a third joint means having a third 
joint base member and a third joint rotary member 
which is rotatably connected to said third joint base 
member such that it can rotate about substantially a 
single axis with respect to said third joint base member, 
and further having a third joint first connection means 
mechanically connected to said third joint rotary mem 
ber and to a third joint first force imparting means 
which permits force to be selectively imparted to said 
third joint rotary member, said third joint base member 
being mechanically connected to said secondjoint equa 
torial plane capture means. 

21. The apparatus of claim 11 wherein said system 
further comprises: 

a first plurality of joint means, including said first and 
second joint means, each of said plurality of joint 
means comprising: 
a joint support means; 
a joint ball means of a generally spherical shape 

affixed to said support means; 
a joint equatorial plane capture means having a 

rotation location in which said corresponding 
joint ball means is positioned such that said joint 
equatorial plane capture means can rotate in 
multiple directions about that joint ball means; 

a plurality of joint force imparting means mechani 
cally connected to said equatorial plane capture 
means, including a joint first force imparting 
means and a joint second force imparting means, 
each of which permits force to selectively be 
imparted to said corresponding joint equatorial 
plane capture means; 

a plurality of joint connection means, including a 
joint first connection means and a joint second 
connection means, with said joint first connec 
tion means rotatably connecting said joint first 
force imparting means to said joint equatorial 
plane capture means and said joint second con 
nection means rotatably connected said joint 
second force imparting means to said joint equa 
torial plane capture means and with said joint 
first and second connection means being fixed 
with respect to one another at that connection of 
each in said joint equatorial plane capture means, 
said joint first force imparting means being capa 
ble of approaching and receding from said joint 
second force imparting means during selected 
rotation of said joint equatorial plane capture 
means about said joint ball means; and 

a mechanical interconnection array mechanically 
connecting together each of said first plurality of 
joint means such that said joint support means of 
each, other than said first joint support means, is 
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14 
connected to said first joint equatorial plane 
capture means. 

22. The apparatus of claim 12 wherein said first joint 
first and second force imparting means and said second 
joint first and second force imparting means are all 
mechanically mounted on said common connection 
C2S 

23. The apparatus of claim 13 wherein said second 
joint first force imparting means is a motor means 
mounted outside said second joint base member. 

24. The apparatus of claim 14 wherein said third joint 
first connection means comprises a plurality of gears. 

25. The apparatus of claim 16 wherein said second 
joint first force imparting means is a motor means 
mounted outside said second joint base member. 

26. The apparatus of claim 16 wherein said rotatable 
screw means extends through said second joint base 
member and through said first joint equatorial plane 
capture means, and also through a first access opening 
in said first joint ball means into said interior opening 
therein to connect with a universal joint contained 
within said interior opening of which said second joint 
first connection is further comprised. 

27. The apparatus of claim 17 wherein said interior 
opening in said first joint ball means contains a retaining 
sphere through which a retaining pin is placed with said 
retaining pin extending through first and second access 
openings in said first joint ball means to be affixed to 
said first joint equatorial plane capture means. 

28. The apparatus of claim 17 wherein said system 
further comprises a second joint means having a second 
joint base member and a second joint rotary member 
which is rotatably connected to said second joint base 
member such that it can rotate about substantially a 
single axis with respect to said second joint base mem 
ber, and further having a second joint first connection 
means mechanically connected to said second joint 
rotary member and to a second joint first force impart 
ing means which permits force to be selectively im 
parted to said second joint rotary member, said second 
joint base member being mechanically connected to 
said first joint equatorial plane capture means. 

29. The apparatus of claim 18 wherein one of said pair 
of parallelogram arms contains a length adjusting 
182S - 

30. The apparatus of claim 19 wherein said driving 
gear means serves as part of said first force imparting 
1823S. 

31. The apparatus of claim 20 wherein said system 
further comprises a fourth joint means having a fourth 
joint base member, mechanically connected to said 
third joint rotary member, and having a fourth joint 
rotary member which is rotatably connected to said 
fourth joint base member such that it can rotate about 
substantially a single axis with respect to said fourth 
joint base member, and further having a fourth joint 
first connection means mechanically connected to both 
said fourth joint rotary member and said third joint base 
member such that angular motion of said third joint 
rotary member with respect to said third joint base 
member causes angular motion of said fourth joint ro 
tary member with respect to said fourth joint base mem 
ber. 

32. The apparatus of claim 21 wherein the system 
further comprises a third joint means having a third 
joint base member and a third joint rotary member 
which is rotatably connected to said third joint base 
member such that it can rotate about substantially a 
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single axis with respect to said third joint base member, 
and further having a third joint first connection means 
mechanically connected to said third joint rotary mem 
ber and to a third joint first force imparting means 
which permits force to be selectively imparted to said 
third joint rotary member, said third joint base member 
being mechanically connected to said second joint equa 
torial plane capture means. 

33. The apparatus of claim 24 wherein said third joint 
first connection means also comprises a gear portion 
affixed to said second joint base member. 

34. The apparatus of claim 26 wherein said universal 
joint is also connected through a second access opening 
in said first joint ball means to a motor means serving as 
said second joint first force imparting means. 

35. The apparatus of claim 26 wherein said universal 
joint is comprised of a sphere having a pin therethrough 
rotatably connected to a first hollow spherical shell 
therearound which in turn has a pin connected to a 
second hollow spherical shell therearound, said second 
spherical hollow shell being connected to said rotatable 
SCCW leaS. 
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36. The apparatus of claim 27 wherein said first joint 

second connection means comprises an extension of said 
retaining pin extending outward from said first joint 
equatorial plane capture means have a first rotary joint 
at its extended end, said first rotary joint being also 
connected to said first joint second force imparting 

2S. 

37. The apparatus of claim 28 wherein said second 
joint first connecting means comprises a rotatable screw 
means mounted in said second joint base member and 
rotatably connected to said second joint first force in 
parting means. 

38. The apparatus of claim 37 wherein said second 
joint first force imparting means is a motor means 
mounted outside said second joint base member. 

39. The apparatus of claim 37 wherein said rotatable 
Screw means extends through said second joint base 
member and through said first joint equatorial plane 
capture means, and also through a first access opening 
in said first joint ball means into said interior opening 
therein to connect with a universal joint contained 
within said interior opening of which said second joint 
first connection is further comprised. 
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